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Chapter 1- Introduction 
A thorough understanding of genetic variation within a population as well as gene- 
environment interaction is essential in the clinical prediction and manipulation of physiological 
phenotypes. In a human population, many incidences of infertility are of a genetic origin, and up 
to 25% have no apparent cause (Roupa et al, 2009). Environmental cues interact with genetics to 
modulate reproductive status; a lack of sufficient nutrient intake can result in infertility in a 
genetically normal mouse or human (Mitan, 2004). In addition, increasing evidence indicates 
that genetic variability in the concentration of specific neurotransmitters and circulating 
hormones can confer varying degrees of vulnerability or resistance to the onset of obesity by 
regulating appetite and metabolism (Palmiter, 2009; Beck, 2000). The development of an animal 
model is essential for the examination of genetic variability, phenotypic plasticity and gene- 
environment interactions. However, many models, including lab mice and rats, are completely 
unlike human populations in genetic structure, providing little insight into genetic variability in 
appetite and fertility in humans (Smale et al, 2005). A wild-derived animal model, therefore, 
shows the most promise in elucidating the interaction between environmental and genetic 
contributions to infertility and obesity. 
Because within-species variability in reproductive phenotype is common, natural 
populations have frequently been utilized to examine physiological variability in 
neuroendocrinal control of reproduction (Feder et al, 2000; Heideman, 2004). In mammals, the 
hypothalamic-pituitary axis integrates environmental cues to dynamically control reproductive 
status (Bronson, 1989; Goldman, 2001; Ebling, 2005). For many mammals, food availability 
and photoperiod are two important inputs to this pathway (Bronson & Heideman, 1994). Short 
winter day length and food restriction both inhibit reproduction in many species, and the 
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combination of the two inputs can reduce gonad size and sexual activity in individuals 
unresponsive to either cue alone (Blank & Desjardins, 1986; Nelson et al, 1997; Reilly et al, 
2006). Considerable genetic variation exists in some species in regard to photoperiod 
(Prendergast et al, 2001). Some individuals are highly sensitive to photoperiod and undergo 
acute reproductive inhibition in short day, whereas others continue to reproduce regardless of 
day length (Desjardins et al, 1986; Prendergast et al., 2001). An inhibitory reproductive 
response may be obligate for photoperiod responsive individuals, or the observed differences 
may be due to phenotypic plasticity (Reilly et al, 2006). If the latter, alterations in environmental 
inputs such as food availability may restore fertility in these individuals (Blank, 1992). 
Peromyscus leucopus, the white-footed mouse, exhibits genetic variability in 
reproductive response to photoperiod (Heideman et al. 1999a). In short winter photoperiod (SD), 
a subset of these mice experience reproductive inhibition, resulting in reduced gonad size and 
reduced fertility (Heideman and Bronson, 1991; Heideman et al., 1999). Mice that are 
reproductively inhibited by short photoperiod are labeled as reproductively photoresponsive (R). 
In contrast, reproductively nonphotoresponsive (NR) mice maintain their reproductive status and 
continue to reproduce regardless of day length. Intermediate phenotypes exist between these 
extremes (Heideman and Pittman, 2009). A population of wild Peromyscus has been trapped 
and artificially selected by our laboratory to produce three lines, an R line, an NR line, and an 
unselected control (C) line (Heideman et al, 1999). 
A notable characteristic of this population of Peromyscus is that the artificially selected R 
and NR lines differ in food intake (Heideman et al., 2005). One study noted that NR mice in 
short day consume 35-50% more food than R mice under identical conditions, but do not differ 
in body mass (Heideman et al, 2005). The unselected C line of mice that is reproductively 
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intermediate between R and NR mice in short photoperiod is also intermediate in food intake in 
SD, with food intake ordered NR>C>R  (Heideman et al, 2005). In some but not all studies of 
these mice, food consumption and body mass have been reduced by approximately 10-15% in 
SD compared to long day photoperiod (LD) (Heideman et al, 2005). 
Regulation of energy homeostasis occurs by a complex network of neuronal pathways 
and circulating peptides that relay signals from gastrointestinal organs and adipose tissue 
(Woods & D?Alessio, 2008). The brain organizes and responds to these cues, adjusting appet ite 
according to energy expenditure so that body weight is maintained (Stanley et al, 2005).  
Regulation of appetite is divided between circulating hormones (peripheral regulation) and 
neuronal signaling (central regulation).  Peripheral regulators of appetite include adipose tissue 
hormones such as leptin and adiponectin, pancreatic hormones such as insulin and pancreatic 
polypeptide, and gut hormones such as peptide YY (PYY), ghrelin, and cholecystokinin, among 
others (Woods & D?Alessio, 2008). A possible link between photoperiodic inputs and appetite is 
the superior cervical ganglion near the spinal cord, through which both photoperiod information 
and mechanosensory inputs from the stomach pass. 
The hypothalamus is the primary brain region involved in the central regulation of 
appetite and food intake. Although multiple hypothalamic regions regulate energy homeostasis, 
the arcuate nucleus (ARC) is a key area (Cone et al, 2001). It is ideally situated near the median 
eminence, allowing it integrate and respond to circulating hormonal signals that indicate satiety, 
adiposity, and nutrient levels (Cone et al, 2001). Specialized integrative functions appear to 
occur in specific cells. For example, while leptin signaling occurs in the ARC, few leptin 
receptors are expressed in the abundant dopaminergic neurons that reside in this nucleus 
(Coppari et al, 2005). 
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Two functionally opposite systems compose the appetite-related output of the arcuate 
nucleus: the anabolic and catabolic systems. The catabolic system produces 
proopiomelanocortin (POMC), a precursor of ?-melanocyte-stimulating-hormone ??-MSH) 
(Schwartz et al, 2000). ?-MSH administration to the brain results in hypophagia and weight 
loss, whereas introduction of ?- MSH antagonists can lead to morbid obesity (Woods & 
D?Alessio, 2008). The neuropeptide cocaine-and-amphetamine-regulated-transcript (CART) is 
also part of the catabolic system, and injection of CART into the third ventricle inhibits 
feeding in rats (Woods & D?Alessio, 2008). The anabolic system promotes the synthesis of 
agouti related peptide (AgRP) and neuropeptide Y (NPY), two coexpressed neuropeptides 
associated with growth and food intake (Flier, 2006). These neuronal fibers project to the 
paraventricular nucleus (PVN), a region that coordinates inputs from several CNS areas (Flier, 
2006). Other important areas in this system include the ventral medial nucleus of the 
hypothalamus (VMN) and dorsal medial hypothalamus (DMH) (Schwartz et al, 2000). 
Lesioning of either the VMN or DMH elicits hyperphagia and obesity. Both regions form 
extensive connections with other hypothalamic areas (Woods & D?Alessio, 2008). 
Activity in neuronal reward circuits can stimulate food intake in the absence of an 
energetic requirement for food. Feedback concerning adiposity and nutritional status does occur, 
however, resulting in differences in food palatability between fasted and sated states (Schwartz 
et al, 2000). The reward circuit mediating these changes in palatability involves the interaction 
of the opioid, endocannabinoid, and dopaminergic neuronal systems (Schwartz et al, 2000). 
Opioids, such as endorphins and enkephalins, are responsible for much of the reinforcing power 
of food. Individuals lacking certain opioids do not experience the rewarding properties of food 
intake, except under fasting conditions (Woods & D?Alessio, 2008). That fasting can 
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compensate for lack of opioid stimulation suggests that homeostatic pathways can override 
reward pathways upon the onset of nutritional deficits. Administration of opioid agonists 
stimulates food intake, or has an orexigenic effect, in rats (Woods & D?Alessio, 2008). 
Similarly, endocannabinoids have an orexigenic effect mediated by receptors in hypothalamic 
neurons (Woods & D?Alessio, 2008). 
The monoamine neurotransmitter dopamine serves in both homeostatic and reward 
pathways (Meguid et al, 2000). Dopamine signaling from the hypothalamus determines meal 
frequency and duration, thus modulating caloric intake (Meguid et al, 2000). Increased 
dopamine turnover in the ventral medial nucleus (VMN), a brain region involved in 
neuroendocrinal regulation of metabolism, is also associated with increased food intake (White, 
1986). Lesions to this area result in hyperphagia and obesity, indicating that the VMN may aid 
in the establishment of a body weight set-point (Meguid et al, 2000). 
Monoamine release in the nucleus accumbens is involved in the reward of food intake. 
Dopamine indirectly affects food intake via the nigrostriatal pathway, which projects from the 
substantia nigra to the striatum (Guerra et al, 1997). Dopamine contributes to sensorimotor 
facilitation by defining the threshold at which an organism will orient to, approach, and 
consume a food stimulus (White, 1986). Lesions to the nigrostriatal bundle therefore disrupt 
food and water consumption (White, 1986). Some evidence indicates that dopaminergic 
neuron activity in the ARC is also involved in the regulation of food intake; dopamine 
receptor knockout mice exhibit a greater sensitivity to leptin and a corresponding decrease 
in food intake (Kim et al, 2009). Variation in dopaminergic neurons in the ARC is of 
particular interest in our mice because it also plays a role in the regulation of reproduction 
and nonreproductive seasonality. In the ewe, ARC dopamine and NPY complete a sex 
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steroid negative feedback loop by relaying inhibitory progesterone signals to nearby 
gonadotropin releasing hormone (GnRH) neurons, which in turn suppress reproduction 
(Dufourney et al, 2005). ARC dopamine has also been shown to inhibit the secretion of 
prolactin, a hormone that regulates milk secretion as well as seasonal coat changes (Ben-
Jonathan & Hnasko, 2001). While variation in any peripheral, homeostatic or reward regulator 
of food intake could contribute to the food intake differences observed in our population of 
Peromyscus, NPY, AgRP, and dopamine will be the primary focus of this paper. 
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Chapter 2 ?The E ffect of a H igh Energy Diet on Reproductive Inhibition in Peromyscus 
leucopus 
 
Introduction 
A lack of body fat due to intensive athletic training or genetics has long been correlated 
with a delay in menarche (Frisch & Revelle, 1970). A popular hypothesis in reproductive 
medicine is that delays in the onset of puberty in young women may be remedied by increased 
caloric intake and thereby increased body fat (Frisch & Revelle, 1970). Support for this 
hypothesis stems from studies indicating that obesity is associated with early sexual maturation 
in females (Wang, 2002). However, the opposite effect of obesity has been observed in male 
children (Wang, 2002). Other studies have proposed a different interaction of energetics, fat, and 
reproduction, suggesting that obesity may not trigger premature menarche per se, but that both 
obesity and maturational timing are regulated by separate common factors (Garn et al, 1986). If 
genetic variation in the response to environmental cues exists among humans and other animals, 
then there may be truth to each of these hypotheses depending upon the genetic variation within 
the sample of individuals examined. 
In recent years, the obesity epidemic has demanded that additional research be directed 
towards the physiological basis of body weight and fat regulation, the epigenetic mechanisms 
of energy balance, and the prevention of obesity (Eckel, 2008). Where research in humans is 
impossible or unethical, an appropriate animal model is required (Ch 1). Because our 
population of Peromyscus is genetically variable in reproductive response to nutritional cues, it 
may prove to be a useful and realistic animal model for genetically variable human populations. 
In our population of Peromyscus, photoperiod interacts with other environmental 
factors to modulate reproductive status (Reilly et al, 2006). Diet quality and availability are 
8  
  
examples of such environmental cues. NR mice subjected to mild food restriction can 
become reproductively sensitive to SD, even though their body mass continues to increase. 
However, such an effect is not apparent in LD (Reilly et al, 2006). 
Pheromonal stimulators of reproduction also have a variable effect on our mice. 
Previous work in our lab has demonstrated that the presence of a fertile female can heighten 
fertility in male Peromyscus (Zelensky, unpublished thesis).  Introduction of soiled bedding 
from a cycling female into the cages of R and NR males promotes testis and seminal vesicle 
growth in NR, but not R, individuals in SD (Zelensky, unpublished thesis). These findings 
suggest that pheromonal cues are not sufficient to overcome the strong inhibition imposed by 
short day length in R mice. NR mice that are partially suppressed reproductively in SD, 
however, retain the ability to respond to pheromones in SD (Zelensky, unpublished thesis). 
Additional studies have indicated that R mice are also resistant to reproduction promoters such 
as leptin when reproductively suppressed by short photoperiod (Sullivan, unpublished thesis). 
The effect of an ad libitum supply of a highly palatable high energy diet and potential 
overfeeding on reproductively inhibited R mice remains to be examined. 
This experiment tests the hypothesis that a highly palatable and high energy diet will 
overcome the inhibitory effects of short day photoperiod in responsive mice. Of particular 
interest is whether mice fed a high energy diet will increase in body mass. Increased body fat 
could provide additional energy stores to support reproduction in otherwise reproductively 
inhibited R mice, a finding that would parallel observations of premature sexual maturation 
in overweight female humans. 
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M ethods 
 
Animals and Housing 
 
Male mice from the R and C laboratory lines of white-footed mice (Peromyscus 
leucopus) were used in this study.  The lines were derived from a wild population trapped in 
Williamsburg, VA, in the winter of 1995 (Heideman et al. 1999a). The outbred, unreplicated  
lines originated from a wild-source parent line consisting of 24 mated pairs. The R line 
was generated by pairing and breeding mice strongly reproductively inhibited by SD 
while the NR line was created by pairing and breeding mice that exhibited only weak 
reproductive suppression in SD. The C line was produced by breeding phenotypically R 
and NR mice at random. Throughout selection, each line was outbred by preventing 
sibling-sibling breeding pairs, and at least 20 successful pairs per line were produced for 
each generation. Artificial selection for photoresponsiveness was continued over 10 
generations. By the 10th generation, most R mice had not undergone sexual maturation 
after 70 days in SD, whereas the majority of NR mice exhibited mature gonads at this age 
under the same conditions (Heideman et al. 1999a; Heideman et al. 2005). Selection was 
then relaxed and the outbred lines were maintained for an additional seven generations.  
In a closed population with random mating, inbreeding increases by an F  
coefficient, defined as 1/2Ne per  generation, where Ne refers to the effective population 
size. Our colony, with a Ne of 40-60 mice per generation, would estimate inbreeding 
coefficients of approximately 0.10 to 0.14 by the 10th-14th generations. However, this F value 
is an  inaccurate estimate of inbreeding in our population. It does not take into account the 
fact that each pair produced several litters, resulting in a higher incidence of first cousins and 
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therefore increased inbreeding. In addition, our avoidance of sibling breeding pairs is a factor 
that decreases inbreeding. Therefore, we estimate that the true F value lies in the range of  0.1 
to 0.2. 
Experimental mice were transferred within 2 days of birth from a long-day 
photoperiod (LD; L16:D8; lights on at 0400 EST) to a short day photoperiod (SD; L8:D16; 
lights on at 0800 EST) and weaned at age 22 ? 1 days to individual polyethylene cages (27 x 
16 x 13 cm) with wire tops, with approximately 3 cm depth of pine shavings, and ad libitum 
access to food (RMH 2000, Southern States Cooperative, Williamsburg, VA) and tap water. 
In this experiment, we tested the hypothesis that a highly palatable high energy diet 
would enhance reproductive function in photoresponsive mice in SD.  At age 27 ± 3 days, 
mice from the R and C lines were divided into eight groups matched for body weight at 
weaning. Four groups, consisting of R mice in SD and LD (N=7, N=8 respectively), and C 
mice in SD and LD (N=7, N=8) were fed a defined high energy diet (45 kcal% fat, 35 kcal% 
carbohydrate, 20 kcal% protein, Open Source Diets), with supplemental Eagle Brand 
sweetened condensed milk from a sipper bottle, both ad libitum, for 8 weeks. Four control 
groups, composed of C line mice in long day (N=8)  and in short day (N=7) and R mice in 
long day (N=7) and in short day (N=7) were fed a defined control rodent diet (10 kcal% fat, 
70 kcal% carbohydrate, 20 kcal% protein, ad libitum). Food measurements were made 
weekly. After eight weeks of treatment, the mice were euthanized using gaseous CO2, 
weighed, and tested for reproductive development.  Paired testes were removed and weighed 
fresh.  Paired seminal vesicles were removed, stripped of fluid, and weighed. Measurements 
in this experiment were taken blind with respect to treatment. The methods in this study were 
approved by the Institutional Animal Care and Use Committee (IACUC-2007-03-31-4709-
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PDHEID). 
Data were analyzed using SuperANOVA software (Abacus Concepts, Berkeley, CA) 
running on a Macintosh computer. Preliminary analyses used general linear mixed models 
with JMP software to test for family as a random effect, and found no significant effects of 
generation or family. The results presented here were obtained by ANCOVA, with line, 
photoperiod, and diet as factors and body mass as a covariate. The level for statistical 
significance was defined as a probability of 0.05 that a particular result would be obtained by 
chance. 
 
 
Results 
 
A high energy diet did not affect body mass or overcome the reproductive effects of 
short photoperiod on photoresponsive mice.  Eight weeks of a high energy diet did not influence 
body mass (F=0.67; P>0.40) (FIG 1), nor did the C and R lines differ in body mass (F=1.51; 
P>0.20), although mice in short day had lower body mass than mice in long day (F=7.74; 
P=0.008). Interactions among factors were not significant (P> 0.4 for all). The high energy diet 
did not  have a significant effect on either testes mass (F=0.866, P = 0.3568,) or seminal vesicle 
mass (F = 0.090, P = 0.7657) (FIG 2, FIG 3). For testes mass, there was a significant effect of 
the covariate (body mass; F = 14.72; P = 0.0004), a significant effect of line (F = 7.61; P = 
0.008), and a significant effect of photoperiod (F = 5.05; P = 0.029). For seminal vesicles mass, 
there was a marginally insignificant effect of the covariate (body mass; F = 3.87; P = 0.055), a 
significant effect of photoperiod (F = 6.64; P = 0.013), but not a significant effect of line 
(F=2.15; P = 0.14). None of the interaction terms were significant for testes or seminal vesicles 
mass (P > 0.30 for all). 
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Calorie intake per day was not correlated with initial body mass measured at week 0 
(R=0.08; P=0.54), but there was a strong correlation between calorie intake during the eight - 
week experiment and body mass measured at week 8 ( R=0.68; P<0.001). An ANCOVA on 
average daily calorie consumption with mass as the covariate revealed a significant effect of 
body mass (F=41.36; P<0.0001), but there were no significant effects on average daily calorie 
intake from photoperiod (F=0.82; P=0.37), line (F=0.45; P=0.50), or interactions (P> 0.10 for 
all). Most importantly, the high energy diet treatment had no significant effect on calorie intake 
(F = 0.505, P = 0.4855) (FIG 4, FIG 5). 
This experiment had a power of 0.8 to detect effects of differences between the control 
diet and high energy diet groups over the eight weeks of the study of > 0.17 cal/g/day, > 0.10 g 
testes mass, and > 0.017 g seminal vesicles mass. Thus, this study achieved a probability of 0.8 
to detect differences between the high energy diet and control diet treatment group means of 
about 20% in calorie intake, 35% in paired testes mass, and 45% in SV mass. It also had a 
power of 0.8 to detect effects of minimum differences between the responsive line, control line 
and photoperiod treatments over the eight weeks of the study of > 0.13 cal/g/day, or about 20%. 
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Figure 1: The effect of photoperiod and diet on body mass. Each bar contains mice from R and C 
lines as there were no differences between lines. (Mean +/- 95% confidence interval). 
 
 
 
 
 
 
 
 
             
             Control Diet  High Energy Diet 
 
 
Figure 2: The effect of diet and photoperiod on testes mass. Bars contain mice from both R and 
C lines. (Mean +/- 95% confidence interval). 
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Figure 3: The effect of diet and photoperiod on seminal vesicle mass. Bars contain mice 
from both the R and C lines. (Mean +/- 95% confidence interval). 
 
 
 
 
 
 
               
 
              Control Diet High Energy Diet 
 
Figure 4: The effect of diet on caloric intake. All mice with a particular diet treatment (both lines, 
photoperiods) are included in respective bars. (Mean +/- 95% confidence interval). 
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         Diet 
Figure 5: The effect of diet, line (R: gray; C: black) and photoperiod on daily caloric intake per 
gram body mass. LD= long day, SD= short day, HE= high energy, C= control. (Mean +/- 95% 
confidence interval). 
 
 
 
Discussion 
 
The results of a pilot palatability experiment indicated that our mice prefer the defined 
control diet and especially the defined high energy diet over the standard chow (Sharp, 
unpublished thesis). Milk intake measurements in my study indicated that sweetened condensed 
milk was highly palatable, with some mice opting to subsist on milk exclusively, with no solid 
rodent chow intake. Body mass at the conclusion of the experiment, but not the beginning of the 
experiment, was highly correlated with calorie intake regardless of diet treatment. However, 
body mass was not affected by the high fat diet, nor was the high energy diet for eight weeks 
able to overcome reproductive inhibition in R mice in short day (FIG 4, 5). 
Calorie adjustment can explain the lack of any enhancement of weight gain in 
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Peromyscus fed an ad libitum high energy diet. For some organisms, fat reserves act as a buffer 
to guard against an unpredictable food supply. In small mammals with high metabolic rates, 
however, fat stores consisting of 10% lean body mass may be depleted within only a few hours 
or days (Bronson 1987). House mice demonstrate a dramatic loss of body fat after a mere 12 
hours of food restriction (Bronson, 1987). Therefore, active small rodents cannot store sufficient 
fat to buffer more than a day or a few days without food. In addition, there is a potential cost 
to stored body fat. Excess body fat could have the cost of inhibiting mobility during evasion 
from predators. This could potentially diminish survival, and therefore fitness, in these small 
rodents with many natural predators and short life expectancies. 
In contrast to previous observations on food intake in these lines (Heideman et al., 2005) 
there was no significant difference in food intake between the R and C lines in this study. 
Absolute measures of daily food intake per gram of body mass among R mice in this study (SD: 
0.5862 g -1 body mass; LD: 0.5982 calories g -1 body mass), were comparable to those observed 
in Heideman et al. (2005)  (SD: 0.6138  calories g -1  body mass; LD: 0.59675 calories g -1 body 
mass). However, the control line in both photoperiods in this study had a lower calorie intake 
(SD: 0.6391 calories g -1 body mass; LD: 0.5665 calories g -1 body mass) than reported in 
Heideman et al (2005) (SD: 0.7399 calories g -1 body mass; LD: 0.7020 calories g -1 body mass). 
As the C line is unselected, their phenotype includes a full range from responsive to 
nonresponsive phenotypes of mice; it is possible that a random sampling of this line could 
contain more R-like mice than mice expressing NR traits. However, occasional discrepancies 
from the NR>C>R ordering of food intake have been observed in other experiments 
(unpublished data); the cause of which is unknown. 
Food availability could be a better predictor of reproductive success than dietary fat or 
body fat in small mammals (Reilly et al., 2006). Nonresponsive mice in short day experience a 
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decrease in gonad size when subjected to food restriction so slight that their body weight 
continues to increase (Reilly et al., 2006). Furthermore, deer mice (Peromyscus maniculatus) a 
close relative of Peromyscus leucopus, have been shown to maintain their body weight when 
supplied with chow of varying fat content for 30 days. Mice that consumed a higher energy diet 
decreased their intake so that weight remained stable (Mawhinney & Miller, 1990). This 
response may be especially pertinent to males, as they do not bear the high reproductive energy 
burden of female mice. A wild-derived population of field mice may therefore respond to a high 
energy diet by decreasing food intake to maintain body weight. In sharp contrast, in-bred 
laboratory mice fed a 58% fat diet can weigh significantly more than their low fat diet 
counterparts after only a week (Winzell & Ahrén, 2004). 
These laboratory findings may have relevance to natural populations. Variation in 
fertility in the wild appears to be caused in part by differences in genetically variable obligate 
responses to photoperiod that contrast with phenotypically plastic responses to photoperiod. 
Mice that exhibit a R phenotype in the laboratory and have low food intake ought to experience 
strong reproductive suppression during short winter days. When food is scarce or dangerous 
to obtain, mice that exhibit a NR phenotype should minimize their energetic burden by ceasing 
to reproduce in the wild. However, NR mice should also exhibit sufficient phenotypic plasticity 
to regain reproductive function upon encountering a safe winter habitat in which food is 
abundant (Reilly et al, 2006). If our laboratory population of Peromyscus is representative of 
the wild population, the approximately 30% of male Peromyscus that appear to be NR in a 
natural setting (Terman, 1999; Heideman et al., 1999) would possess the ability to develop 
large testes and seminal vesicles if they have sufficient food. Winter and summer field studies, 
however, have indicated no effect of nutrient supplementation on winter reproduction (Terman, 
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1999). These results imply either that only a small subset of Peromyscus possess the phenotypic 
plasticity necessary to respond to certain environmental inputs, or that most mice with the 
ability for winter breeding already had sufficient food at the times supplements were offered. 
However, even limited genetic variation and plasticity may have ecological and human clinical 
significance. A goal of modern medicine is for effective treatment of even small populations 
that have divergent functioning from the norm. This requires a broad understanding of genetic 
variation and gene-environment interaction. 
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Chapter 3 ? Tyrosine hydroxylase-marked dopamine rgic pathways as a regulator of food         
                    intake in a genetically va riable animal mode l (Peromyscus leucopus) 
 
Introduction 
 
Peromyscus leucopus, a species of white footed field mouse, exhibits variation in its 
response to environmental inputs such as photoperiod and food intake (Heideman et al., 1999; 
Heideman et al., 2005). Previous experiments indicate that NR mice consume more food than 
R mice, particularly in SD. However, R and unselected C mice provided a highly palatable 
high energy diet do not consume more calories, increase in body mass, or experienced 
enhanced reproduction (Chapter 2). Instead, the mice calorie adjust by reducing their food 
intake to compensate for the higher caloric content of their diet. These results indicate that it is 
caloric intake, not simply food intake of a particular diet, that is under genetic control (Chapter 
2). 
Appetite and food intake are dependent upon an interaction between environmental 
inputs and the activity of diverse neural pathways (Woods & D?Aglossio, 2008). Since variation 
between selection lines occurs even when environmental cues are held constant, differences in 
food intake between lines may be a function of genetic variation in the composition and activity 
of these pathways. In this chapter, I will test for genetic variation in feeding pathways as marked 
by the presence of specific neuropeptides. Of special interest are reward pathways implicated in 
the regulation of food intake. Field mice will consume less of a highly palatable high energy diet 
and more of a lower energy and less palatable chow, indicating that homeostatic food intake 
pathways may override reward pathways in order to maintain body weight in these mice. 
One molecule implicated in both homeostatic and reward regulation of food intake is 
dopamine. Dopaminergic neurons in the hypothalamus play a critical role in the initiation of 
food intake (Meguid et al, 2000). Dopamine belongs to a group of amine hormones and 
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neurotransmitters derived from catechol, labeled catecholamines. Norepinephrine, epinephrine, 
and serotonin also belong to this category (Fernstrom & Fernstrom, 2007). Catecholamine 
neural populations are highly heterogeneous and are orchestrated by complex systems of genetic 
control (Li et al, 2009). Hypothalamic dopaminergic pathways are modulated by a greater 
number of genes than similar neural areas in the mesotelencephalon, allowing for a greater 
degree of variation in dopamine expression among individuals (Li et al, 2009). Direct 
measurement of dopamine provides little insight into dopamine activity, as dopamine may be 
expressed in neurons but not released (Meguid et al, 2000). The rate of dopamine recycling, or 
dopamine turnover, is therefore more frequently used as a measure of dopamine. Staining for 
dopamine receptors, transporters, or relevant enzymes are other methods of examining 
dopaminergic neurons (Meguid et al, 2000). 
Tyrosine hydroxylase (TH) is a catecholamine synthesis enzyme which catalyzes the 
conversion of L-tyrosine to L-DOPA, a dopamine precursor (Ichinose et al, 2001). TH is 
regulated both by transcriptional controls as well as phosphorylation by cyclic AMP-dependent 
protein kinase as well as calmodulin-dependent protein kinase (Kumer & Vrana, 1996). TH 
knockout mice are unable to drive the conversion of L-tyrosine to L-3,4-
dihydroxyphenylalanine (L-DOPA), and therefore cannot produce dopamine. TH knockouts 
retain all motor capacities, but are unable to initiate an eating session (Kobayashi et al, 1995). 
TH activity has been found to vary widely among highly inbred strains of mice. Such variation 
is highly correlated with the presence of dopamine neurons (Li et al, 2006). Genetic variability 
in dopamine pathways appears to contribute to intra-species variation in weight maintenance 
and food intake (Li et al, 2006). 
In this experiment, I postulated that immunostaining for TH could provide a rough 
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indication of variability in the number of dopaminergic neurons present in the ARC and 
posterior hypothalamus (PH). If present, this variation could contribute to appetite and food 
intake differences between the R and NR lines of our population of Peromyscus leucopus. I 
predicted that because NR mice consume more calories than R mice in short day,  NR mice 
would have a correspondingly higher concentration of dopaminergic neurons in the ARC. 
 
M ethods 
 
Pilot studies on feeding-related peptides 
 
In initial tests of feeding pathway variation, I first attempted to immuno-stain for AgRP 
and NPY; TH immunostaining was later added to assess dopamine as a third feeding-related 
neuropeptide. Studies have shown that AgRP and NPY are upregulated when a mouse is 
subjected to food restriction. The baseline level of AgRP in a sated mouse may be so low that 
only very faint AgRP fibers are apparent using standard immunohistochemical antibodie s and 
tyramide signal amplification (TSA). Therefore, in some of the pilot testing, mice underwent a 
20 hour pre-fasting procedure to upregulate AgRP prior to tissue perfusion. Since P. leucopus 
is nocturnal and only consumes 10% of its food during daylight hours, food was removed at 
3:30 pm and the mice were euthanized at 10 am (J.White, unpublished data). 
In the initial pilot tests, methods of perfusion, sectioning and staining for AgRP and 
NPY were nearly identical to the immunohistochemistry methods described in detail below for 
TH immunostaining. Primary antibodies included rabbit anti-AgRP (G-003-53; Phoenix 
Pharmaceuticals, Inc., Mountain View, CA) and an NPY primary antibody (Sigma Chemical 
Co.). Biotinylated goat antirabbit IgG served as the secondary antibody (1:600, Vector 
Laboratories, Inc., Burlingame, CA) for both neuropeptides. In multiple test runs over a period 
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of eight months, tests included comparison of paraformaldehyde and Zamboni?s fixative for 
perfusions. These comparisons were conducted in order to minimize tissue damage as well as to 
adjust for potential overfixation. Concentrations of primary antibody were varied as well 
(1:1000, 1:5000, 1:10000, and 1:35000) in an attempt to optimize staining. Lambda carrageenan 
and sodium borohydride treatments were added to diminish background staining. 
Immunostaining for oxytocin was included in these test runs as a positive control to ensure that 
the ABC and rinse steps had been carried out correctly. Oxytocin also served as a positive control 
for the general function of the goat-anti rabbit secondary antibody, although it could not indicate 
specific binding efficiency to the AgRP and NPY primary antibodies. The pilot tests of 
immunostaining for AgRP and NPY were not successful in developing adequate staining in P. 
leucopus, while TH staining was effective. 
 
 
Examination of dopaminergic pathway variation via TH marking 
 
Following the pilot comparisons, TH staining to identify dopaminergic neurons was 
selected for a first experiment on genetic variation in feeding pathways. The mice in this 
experiment were between 70 and 100 days of age and were taken from the 11th through the 17th 
generations of the R (n=5) and NR (n=4) lines. Animals were perfused with .05M potassium 
phosphate (KPBS) buffer for 2 to 3 minutes, followed by Zamboni?s fixative in KPBS for 18 
minutes, at a perfusion rate of 6 mL/min. The brain tissue was removed and post-fixed 
overnight in Zamboni?s before transfer into a 30% sucrose/buffer solution. The tissue from the 
optic chiasm to the posterior portion of the hypothalamus was then cut into 30 µm sections with 
a freezing sliding microtome. Neural sl ices were then stained for TH using 
immunohistochemical techniques. Residual fixative and sucrose solution were washed off by 
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five ten-minute rinses in cold .05 M KPBS. All slices were then incubated in a primary 
antibody (1:50, TH (C-29): sc-7847, Santa Cruz Biotechnology) in KPBS with bovine serum 
albumin (BSA), lambda carrageenan and 0.3% Triton X-100, for 48 hours at 4C. 
At the conclusion of the incubation in primary antibody, tissue was rinsed in cold KPBS 
six times over 60 minutes and incubated in donkey anti-goat IgG secondary antibody for 60 
minutes at room temperature (1:600, donkey anti-goat IgG-B sc-2042, Santa Cruz 
Biotechnology). Three more buffer rinses were carried out prior to a 75 minute incubation in 
room temperature ABC complex. A ten-minute incubation in 1:1 DAB/buffer solution was used 
to chromogenically visualize TH.. Intact coronal brain slices were mounted on slides and 
visualized using a light microscope. TH neurons were counted blind with respect to selection line 
in the ARC , dorsal motor nucleus of the vagus (DMV), and posterior hypothalamus. Counts of 
neurons were compared between R and NR mice, and counts of neurons were tested for 
correlations with food intake and body mass. 
Data were analyzed using SuperANOVA software (Abacus Concepts, Berkeley, CA) 
running on a Macintosh computer. 
 
 
Results 
 
Pilot studies on feeding-related peptides 
 
No AgRP fibers or cell bodies were apparent in the ARC under any antibody 
concentration, fixative, or blocking reagent (FIG 6 ). However, immunostaining for oxytocin, 
the positive control, produced clear results (FIG 7). Use of the optimized protocol to stain for 
NPY yielded only faint fibers with no cell bodies (FIG 8.) 
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Figure 6: The arcuate nucleus of the hypothalamus following immunostaining for AgRP 
in a fasted mouse. Concentration of the primary antibody was 1:5000. Lambda 
carrageenan served as a blocking agent. No fibers or cell bodies are apparent. Scale 
bar:100 microns. 
 
 
  
 
 
  
Figure 7: Immunostaining for oxytocin served as a positive control to check general IHC 
methods. Shown is the paraventricular nucleus of the hypothalamus. Scale bar: 100 
microns. 
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Figure 8: Immunostaining of NPY in the arcuate nucleus of the hypothalamus in a 
fasted mouse. NPY fibers, but not cell bodies, are apparent in the ARC at the base of 
the third ventricle. Scale bar: 100 microns. 
 
 
 
 
 
Experiment 2: Study of dopaminergic pathway variation via TH marking 
 
Testes and seminal vesicles masses did not vary between lines (F=.015479; P=0.9045; 
F= 0.418747; P=0.5382, respectively). Differences in food intake between lines approached 
statistical significance (F=3.906673; P=0.0886). Food intake was not significantly correlated 
with body mass (R=0.6025; P= 0.0860). 
Clear staining of TH neurons was apparent in the ARC, DMV and PH (FIG 9, FIG 10). 
The number of TH neurons did not differ between lines in the ARC (F=3.065; P=0.1306) or the 
combined DMV and PH (F=2.026687; P=0.1976). Food intake was not correlated with the 
number of TH neurons in any brain area (ARC: R= 0.436; P=0.2805; combined DMV and PH: 
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R= 0.1618; P= 0.6775).  
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Figure 11: Line comparison of average number of TH neurons in sections containing the 
arcuate nucleus. Responsive (R) (n=5) and nonresponsive (NR) (n=4) mice were 
examined. 
 
 
 
 
 
 
 
                                                R                         NR                     
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Figure 12: Line comparison of average number of TH neurons in sections containing the 
dorsal motor nucleus of the vagus (DMV) and the posterior hypothalamus (PH). 
Responsive (R) (n=5) and nonresponsive (NR) (n=4) mice were examined. 
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Discussion 
 
Differences in food intake and gonad size reported previously (Heideman and Pittman, 
2009) were not observed in this pilot study, possibly due to the small sample size. Interestingly, 
in the full sample of 34 R, NR, and C mice, there were no differences among lines in food 
intake over two weeks. This contrasts with previous experiments conducted prior to relaxation 
of selection on these lines at generation 10 (Heideman and Pittman, 2009). My result may 
support the hypothesis that relaxed selection of our lines has resulted in a shift back toward the 
original wild-type state. 
Statistical power for counts of TH neurons in this pilot experiment was very low, and it 
is not surprising that there were no statistically significant differences in TH-marked 
dopaminergic neurons in the brain areas examined. However, NR mice had nearly twice as 
many stained neurons in the arcuate nucleus than R mice, consistent with the prediction. The 
magnitude of this difference is greater than the difference between lines in immunoreactive 
gonadotropin releasing hormone (GnRH) neurons (Avigdor et al., 2005) or immunoreactive 
gonadotropin inhibitory hormone neurons (Kriegsfeld and Heideman, unpublished data), and a 
difference of this magnitude would be biologically interesting. This difference in TH 
immunostaining could not be accounted for by differential intensity of staining of TH in the R 
and NR tissue, as R mice exhibited a greater number of neurons in the PH than NR mice. These 
pilot data suggest that a larger study with a larger sample size should be conducted to assess 
whether the difference in TH-positive cells in the ARC is significant. 
Interestingly, marked anatomical differences between the lines in the shape of third 
ventricle and arcuate neuron organization in similar brain sections were noted in some mice. 
While these morphological differences among brains may well be due only to variation in 
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shrinkage and the change in shape of the brain during fixation, a future study should further 
examine hypothalamic structure for variation between lines. 
The most important result of this pilot experiment was the successful tyrosine 
hydroxylase staining with an acceptable level of background staining. Now that a protocol that 
produces countable stained neurons has been established, examination of TH in a broader 
range of brain areas in a larger sample size from all three lines of mice is possible. This 
protocol permits a wide variety of experimental possibilities, as dopamine is involved not only 
in food intake, but also motor control, temperature homeostasis, and reward (Schwartz et al, 
2000). 
While TH shows promise as a marker for dopaminergic neurons, it is not always a 
reliable indicator of neuronal dopaminergic systems as it is expressed in other catecholaminergic 
neurons. Especially problematic is the presence of TH in neurons that produce serotonin, as this 
molecule elicits inhibitory feeding effects in opposition to the output of typical dopamine 
feeding pathways (Heisler et al, 2006). The dopamine transporter (DAT) has been proposed as a 
more specific marker for dopaminergic neuron labeling, but there is a significant degree of 
mismatch in DAT and TH immunoreactivity (Ciliax et al, 1995). Neither DAT nor TH labeling 
can perfectly reflect dopamine concentration under all environmental conditions. Although 
chronic food restriction upregulates the production of TH, DAT, and D1 receptors, the 
concentration of the dopamine precursor DOPA decreases under these conditions. Food 
deprivation appears to promote the feedback inhibition of dopamine molecules, either due to 
increased extracellular dopamine or receptor hypersensitivity (Lindblom et al, 2006). As with 
TH, staining of the dopamine molecule itself does not provide an accurate view of dopaminergic 
activity, as dopamine may be produced and stored for release at a later time. Measurement of 
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dopamine recycling and turnover, therefore, is a common method of determining dopamine 
activity in the brain (Ciliax et al, 1995). 
Regulation of TH and its effect on DOPA production also varies among species. TH 
mRNA concentrations appear to decrease during long day photoperiod in ewes, but during the 
pre-ovulatory period TH enzymatic activity is stimulated by estradiol, resulting in an increase in 
DOPA production (Skinner & Herbison, 1997).  In rats, however, estradiol has the opposite 
effect, decreasing TH activity (Skinner & Herbison, 1997). Therefore, while TH presence is 
generally correlated with the expression of dopamine, dopaminergic pathways are part of 
complex and varying networks of feedback and regulation that complicate attempts at direct 
observation and measurement. 
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Chapter 4 ? Future Di rections 
 
Food availability, not caloric or fat content of the diet, appears to modulate the effect of 
photoperiod on reproduction in Peromyscus leucopus (CH 2). Even ad libitum high energy food 
is not sufficient to induce reproductive development of responsive mice in short day, however, 
indicating that infertility may be obligate during the short winter photoperiod in this subset of 
mice (CH 2). An interesting question that remains is whether an ad libitum diet of low nutritional 
value would be sufficient to sustain fertility in NR mice in SD or in all of the mice in LD. In 
some seasons and habitats, seeds with lower nutritional value are abundant. If reproduction in 
Peromyscus depends on food availability rather than energy content of the diet, mice may 
maintain reproductive status as long as energetic reserves are sufficient to sustain reproduction, 
and may not require high energy foods. However, because NR mice eat significantly more than 
R mice (Heideman et al, 2005), NR mice with lower quality diets may have difficulty acquiring 
the additional calories they need to maintain their reproductive status even in LD. In the same 
conditions, R mice might maintain reproduction in LD. Insight into the caloric requirements of 
our mice will promote an understanding of the balance between food availability and quality 
necessary to support reproduction. Finally, another important question to resolve is why, in 
approximately 1/3 of recent experiments, food intake has not differed significantly between the R 
and NR lines, while in other studies significant differences have been found (Heideman et al, 
2005). 
AgRP and NPY are integral components of the neuronal regulation of food intake. 
Therefore, achieving proper staining for these neuropeptides in P. leucopus is highly desirable. 
The structure of AgRP and NPY appears to be well conserved across mammals; the 
aforementioned antibodies have successfully stained human, monkey, and rat AgRP and NPY in 
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other studies. However, Peromyscus is still an exotic species in which these proteins have not 
been well characterized. In order to confirm that our methods should be adequate to stain these 
neuropeptides, a positive control experiment using the same procedures, but staining sections of 
rat neural tissue, would test both the antibody and the methods. Alternative antibodies may be 
required to produce clear staining in our mice. It might be useful to test different buffers, as these 
can affect antibody binding to targets. Finally, the AgRP and NPY antibodies may also be more 
vulnerable to the effects of overfixation than oxytocin antibodies. Varying the type and duration 
of fixation might be useful. Future studies are needed to examine these variables. 
Larger sample sizes will be necessary to compare TH neuron counts between the two 
lines. Furthermore, insufficient cryoprotection of some neural tissue required that certain sections 
be wet mounted with glycerin to prevent excessive damage. Dry mounted sections also had more 
shredding than is desirable; these methodological problems should be addressed in order to 
produce publishable data with the current protocol. In this pilot study, neuron counts were 
limited to the ARC, the DMV, and the PH; examination of additional sections and other brain 
areas implicated in food intake may provide further informative data. Specifically, dopaminergic 
neuron counts in the VTA and nucleus accumbens may provide insight into variability in 
appetite-related reward pathways. Measurement of dopamine turnover directly may more 
precisely pinpoint dopaminergic neurons, as TH also catalyzes the formation of other 
catecholamines. In addition, future experiments examining the superior cervical ganglion may 
help to elucidate the mechanism of photoperiod and food input integration in the regulation of 
reproductive status in P. leucopus. 
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